SYNTHESIS AND ELECTROCHROMIC PROPERTIES OF POLY-O-AMINOPHENOL by ZHANG, AQ et al.
Journal of Electroanalytical ChemisWy, 373 (1994) 115-121 115 
Synthesis and electrochromic properties of poly-o-aminophenol 
A.Q. Zhang a, C.Q. Cui a, Y.Z. Chen b and J.Y. Lee a 
a Department of Chemical Engineering, National University of Singapore, IO Kent Ridge Crescent, Singapore 0511 (Singapore) 
b Depar&nent of Chemisty, Xiamen Universi@, Xiimen 361005 (China) 
(Received 15 November 1993; in revised form 4 January 1994) 
Abstract 
The electropolymerization of o-aminophenol is markedly different from that of aniline and other aniline derivatives owing to the 
ease of generation of radical cations from the oxidation of the monomer. The growth of poly-o-aminophenol (POAP) therefore 
proceeds mainly through the reactions between the growing polymer and oxidized monomer molecules. The polymer matrix of 
POAP consists of both oxidized (quinonoid) and reduced (N-phenyl-p-phenylenediamine) repeating monomer units. The polymer is 
dark brown when it is oxidized at potentials greater than 0.13 V (vs. SCE), and light yellow when it is reduced at potentials lower 
than -0.042 V. The polymer under potentiodynamic polarization can also give rise to a completely colourless intermediate 
oxidation state that is made up of an equal number of oxidized and reduced units. Except for good colour retention in the oxidized 
state, POAP is unsatisfactory in electrochromic applications owing to rate limitation in the heterogeneous charge-transfer step. In 
particular, the reduction of the polymer is much slower than the reverse process of polymer oxidation. 
1. Introduction 
The design of chemically modified electrodes (CME) 
is currently one of the most actively pursued research 
subjects in electrochemistry. Its multidisciplinary na- 
ture calls for a collective input of knowledge from 
electrochemists, polymer scientists and solid-state 
physicists. In the 197Os, Murray [l] pioneered the con- 
cept of electrode surface modifications by adsorption, 
by molecular bonding and by the deposition of a poly- 
meric film, through which surfaces with prescribed 
properties and performance can be designed. Since 
then, CME have found many applications in electro- 
catalysis, electrosynthesis, electroanalysis and electro- 
chemical energy conversions [l-31. 
Owing to the ease of its preparation, outstanding 
stability and good electrical conductivity [4], polyaniline 
(PAn) is one of the most common electroactive poly- 
mers that have found applications in CME. Many 
derivatives of PAn have also been synthesized to en- 
hance further the functionalities of the polymer [5], 
and among them poly-o-aminophenol (POAP) is a good 
example. The hydroxyl and amino groups on the PAn 
backbone in POAP render the polymer more readily 
modified than underivatized PAn [6]. The lone pair of 
electrons on the nitrogen and oxygen atoms are good 
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coordination sites for most transition metal ions. Some 
metal ions (or metal microparticles) can even increase 
their catalytic activity through their incorporation into 
the POAP polymer matrix. POAP can also be used as a 
cation exchanger in separations based on differences in 
complexation affinities between the metal ions and the 
polymer. 
In an electropolymerization study of o-aminophenol 
(OAP) in aqueous acidic media, Barber0 et al. [7] 
proposed a ladder structure for the polymer with phe- 
noxazine rings as the electroactive sites. They de- 
scribed the polymerization as a sequential event in 
which reactive OPA’+ was formed in a preceding 
charge-transfer step followed by chemical reactions. 
Ellipsometric and spectrophotometric characteriza- 
tions of the optical properties of POAP films on gold 
and platinum electrodes under different polarization 
conditions [81 showed that the polymer was opaque 
brown in the oxidized state and transparent light green 
in the reduced state. The complex refractive indices of 
the oxidized and reduced states were also measured as 
a function of wavelength. Ohsaka et al. [9] studied the 
electrode kinetics in the electrochromism of POAP and 
they also supported a ladder-structure not unlike that 
of poly-o-phenylenediamine (PODB). Relevant kinetic 
parameters were estimated and correlated with the 
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electrochromic response of the polymer. The low ap- 
parent diffusion coefficient of Dapp = (l-6) X 10-l’ 
cm2 s-l for the homogeneous charge-transport pro- 
cesses within the polymer film and/or electrolyte was 
indicative of the low electrochromic response rate of 
POAP. However, the brown colour of the oxidized 
form remained substantially unchanged even after stor- 
age in air under open circuit conditions for 6 months. 
In contrast, the reduced form was stable only under a 
nitrogen atmosphere and was gradually oxidized by 
oxygen in air and became coloured. 
So far, the polymerization of OAP and the struc- 
tures and properties of the polymer have been studied 
largely by electrochemical and ex situ spectroscopic 
techniques. In situ techniques would be preferable 
because their instantaneous nature eliminates potential 
atmospheric and ageing effects of the polymer. This 
paper examines the polymerization of OAP by chemi- 
cal and electrochemical methods and assesses the po- 
tential of the polymer in electrochromic applications. 
In situ electrochemically modulated UV/visible spec- 
trophotometry was used to characterize the elec- 
trochromic response of POAP in relation to the struc- 
ture of the polymer and the various rate processes 
occurring there. 
2. Experimental 
The electrochemical synthesis and characterization 
of POAP were carried out at room temperature in a 
standard three-electrode, two-compartment electrolysis 
cell. The cell consisted of a 0.5 cm2 glassy carbon (GC) 
working electrode, a 1 cm2 platinum foil counter elec- 
trode and a saturated calomel reference electrode 
(SCE). A glass frit separated the counter and working 
electrodes into two compartments, with the reference 
electrode placed in the same compartment as that of 
the working electrode. Prior to each experiment, the 
GC electrode was carefully polished with fine-grained 
abrasive papers, followed by rinsing in distilled water 
and immersion for 5 min in concentrated nitric acid 
before finally being dried on a clean laboratory tissue. 
The reproducibility of the experimental results was 
greatly improved with this pretreatment of the working 
electrode. 
An EG&G Model 370 electrochemical measure- 
ment system was coupled to a YEW 3086 X-Y recorder 
for output. Ex situ UV/visible characterization of the 
polymer was carried out on a Carry-118 UV/visible 
spectrophotometer while an electrochemically modu- 
lated UV/visible spectrophotometer recently devel- 
oped at Xiamen University was used for the in situ 
examination of the electrochromic response under vari- 
ous polarization conditions. 
All chemicals were of analytical-reagent grade and 
were used as received. The electrolytes and solutions 
were prepared with doubly distilled water. All elec- 
trolytes were deaerated with nitrogen for 10 min prior 
to the experimental runs. 
3. Results and discussion 
3.1. Chemical polymerization of o-aminophenol 
o-Aminophenol (OAP) was dissolved in 0.5 M HCl 
to give an atmospherically stable, red solution. In the 
presence of CuCl,, however, the colour of the solution 
darkened and precipitation of the polymer (POAP) 
began within a few minutes. The oxidative polymeriza- 
tion of OAP by Cu2+ was subsequently followed by 
UV/visible spectrophotometry. Figure 1 shows the 
time course of the UV/visible absorption spectra of a 
0.1 M OAP solution in 0.5 M HCl after the addition of 
0.01 M CuCl,. Prior to the addition of CuCl,, two 
absorption peaks were found in the monomer solution 
spectra at 258 and 460 nm that corresponded to the 
r-r* transitions of the aromatic structure (benzene B 
structure) and the oxidized form of OAP, respectively 
[lo]. A new absorption peak at 410 mn soon developed 
after the addition of CuCl, and increased its intensity 
with time at the expense of the peak at 460 rmr. The 
410 nm peak was characteristic of the radical cation 
(oxidized form) of POAP [5], and was common among 
PAn-like structures [ 101. Delocalization of electrons 
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Fig. 1. Evolution of the W/visible absorption spectra of a 0.1 M 
OAP solution in 0.5 M HCl with time after the addition of 0.01 M 
CuCl,. The time interval between adjacent curves is 2 min. 
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was still possible within the polymer but the blue shift 
of the 410 nm peak with time nonetheless indicated an 
increasing difficulty of this when the polymer became 
larger in size. The solid polymer was also examined by 
X-ray photoelectron spectroscopy (Fig. 2). The Cls, 
Nls and 01s spectral features were similar to that of 
POAP prepared electrochemically [6]. The carbon 
spectrum was deconvoluted to estimate the extent of 
carbon involved in C-C, C-N and GO bondings. A 
ratio of 3 : 2 : 1, indicating a good degree of polymeriza- 
tion, was obtained. A Cu2p, peak was also found at 
the binding energy of 932.2 eV, suggesting some pres- 
ence of copper remnant as Cu+ ion in the polymer. 
The experimental results therefore substantiated the 
feasibility of chemical synthesis of POAP by the anodic 
oxidation of OAP by the Cu’+/Cu+ redox couple. 
Prior to this, the chemical polymerization of OAP was 
only possible with iron chelate complexes as catalysts 
under an oxygen atmosphere [ll]. The oxidative poly- 
merization of OAP by Cu*+ ions was dependent on the 







Fig. 3. UV/visible spectra of 0.1 M OAP in 0.5 M HCl with the 
addition of CuCl, solution of concentration (a) 0, (b) 0.0025, (c) 
0.005 and (d) 0.01 M. 
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Fig. 2. X-ray photoelectron spectra of a chemically synthesized 
POAP film. 
succinctly illustrated in Fig. 3 as the increase in the 
initial intensity of the 410 nm peak with increasing 
Cu* + concentration. 
3.2. Electropolymerization of o-aminophenol 
Like aniline [12], OAP can be polymerized electro- 
chemically in acidic, neutral or alkaline solutions. How- 
ever, only acidic polymerization (pH < 31 can lead to 
the electroactive form of POAP. In this work, uniform 
POAP films were deposited from 0.05 M OAP solu- 
tions in 1 M H,SO, + 0.5 M Na,SO, by using the 
cyclic potential sweep (CPS) method in the potential 
range of -0.25 to 0.80 V. 
Figure 4 shows the cyclic voltammograms during the 
polymerization of OAP from 1 M H,SO, + 0.5 M 
Na,SO,. The scans were always started in the positive 
direction at 100 mV s-r. In the first positive sweep, 
two anodic peaks were found at 0.32 V (peak II) and at 
0.63 V (peak III), respectively. Two cathodic peaks at 
0.28 V (II’) and 0.48 V (III’) corresponding to the 
reductions of peaks II and III, respectively, were found 
in the reverse sweep. A redox pair at O/O.15 V (peaks 
I/I’) of increasing intensity began to appear after a 
few scans. This redox pair was also the only noticeable 
feature in the cyclic voltammogram of POAP in an 
acidic medium without the OAP monomer (Fig. 51. 
Peaks I/I’ could therefore be attributed to the redox 
reactions of OAP polymers and/or oligomers, whereas 
peaks II and III arose from the oxidation of OAP 
monomer. According to Barber0 et al. [7], peaks II and 
118 A.Q. Zhang et al. / Synthesis and electrochromic properties of poly-o-aminophenol 
,/Clll 
2 




Fig. 4. Cyclic voltammograms for the polymerization of OAP on 
glassy carbon at 100 mV s-l. 
III were due to the oxidation of OAP to the radical 
cation (OAP’+) and its further oxidation to the dica- 
tion, respectively. In contrast, peak I was only conse- 
quent upon the formation of radical cations (POAP “> 
from the polymer and/or oligomers. 
The oxidation of the monomer continued through- 
out the polymerization of OAP, amidst a gradual de- 
crease in the anodic current due mostly to the difficulty 
of diffusion of OAP through the polymer matrix (Fig. 
4). The limitation on OAP diffusion in polymerization 
resulted in the flattening of peak II to a plateau after 
only a few scans. The redox peaks I/I’ nonetheless 
increased steadily with increasing number of scans, 
showing the gradual but continual formation of elec- 
troactive POAP. However, peaks II and III in the 
voltammogram of POAP in the acidic solution without 
OAP (Fig. 5) are completely obliterated, indicating 
that the formation of radical cation (polaron) and 
dication (bipolaron) was not facile in the polymer be- 
cause of the difficulty in charge and electron delocal- 
ization along POAP polymer chains that are known to 
be partly cross-linked. The implication was that POAP 
was formed predominantly by the attack of oxidized 
monomers on the growing chain, a reaction pathway 
that is markedly different from the polymerization of 
aniline [13]. In polyaniline (PAn) deposition, the oxi- 
dized monomers (nitrenium cations) which are reactive 
towards the phenazine rings in aromatic electrophilic 
substitutions are only produced under high potential 
and low aniline concentration. As a result, PAn poly- 
mers of a different structure from the normal variant 
are formed under such conditions [14]. In contrast, the 
deposition of POAP proceeds mainly through the di- 
rect oxidation of the monomer. The ease of oxidation 
of OAP is in contrast to that of other aniline deriva- 
tives such as metanilic acid. The presence of the elec- 
tron-donating OH group in OAP facilitates monomer 
oxidation whereas metanilic acid is difficult to oxidize 
because of the presence of electron-withdrawing SO, 
groups. Aniline must be added in this case to produce 
sufficient dications to sustain polymer growth [15]. 
3.3. Electrochromic properties of poly-o-aminophenol 
The electrochromic response of POAP depends on 
a number of factors such as the pH of electrolytes, the 
nature of anions and the thickness in addition to the 
structure of the polymer film. When a POAP film with 
a deposition charge of 200 mC cmm2 was subjected to 
a potential sweep in the mixed electrolyte of 0.5 M 
H,SO, + 0.5 M Na,SO, (Fig. 5), it changed colour 
from dark brown in the oxidized state to light yellow in 
the reduced state, simultaneously with the redox reac- 
tions at 0.13 V/ - 0.042 V (corresponding to a formal 
potential of 0.05 V). A similar observation has also 
been reported elsewhere [81. 
Figure 6 shows the wavelength dependence of the 
relative reflectance AR/R for a POAP film on Pt 
polarized at various potentials. The AR/R values were 
measured relative to the reflectance of a similar film 
held at -0.1 V as the background. A broad absorption 
band extending from 410 to 532 nm was observed for 
polarization in the potential range 0.1-1.1 V. The band 
intensity increased with increase in potential, turning 
the film dark brown. In addition, a slight blue shift 
simultaneously with the intensity increase was noted. 
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Fig. 5. Cyclic voltammograms of a POAP film (deposition charge 200 
mC cm -‘) on glassy carbon at 100 mV s-l. 
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Fig. 6. Wavelength dependence of relative reflectance AR/R for a 
POAP film on Pt (deposition charge 200 mC cm-‘) polarized in 0.5 
M H,SO,+0.5 M Na,SO, solution at potentials of (a) 0.1 (b) 0.3 
and (c) 1.1 V. 
tion of radical cations in POAP as the polymer matrix 
was oxidized anodically. This is similar to the be- 
haviour of PAn, for which the first oxidation of the 
polymer to a radical cationic species also produces an 
absorption near 440 nm [lo]. The blue shift in the 
absorption band with increasing potential also suggests 
that the polymer was more extensively oxidized and 
subsequently contained a larger fraction of the radical 
cationic species. This is again consistent with the ob- 
servation with PAn [lo]. 
In situ Raman spectroscopy of POAP [16] had previ- 
ously confirmed the presence of alternating oxidized 
(quinonoid) and reduced (N-phenyl-p-phenylenedia- 
mine) repeating units in the POAP polymer matrix as 
shown in Fig. 7, where x is the mole fraction of 
reduced units in the polymer and hence x = 0 and 
x = 1 correspond to a fully oxidized and a fully reduced 
polymer molecule, respectively. The structural similar- 
ity with PAn is immediately obvious [17]. The redox 
reaction of POAP is therefore an internal conversion 
between the oxidized and reduced units that can be 
categorically represented by the stoichiometry in Fig. 8. 
Polarization of the polymer at potentials more positive 
than 0.1 V transforms the polymer predominately into 
the quinonoid form, whereas the reduced units pre- 
dominate only at negative potentials. An increase in 
potential generally increases the extent of oxidation in 
the polymer but Raman spectroscopy indicated that 
the oxidation was not complete even at 0.5-0.6 V. 
Hence the very broad absorption band in Fig. 6 could 
have been contributed by r-r* transitions from both 
the oxidized units (quinonoid) and the reduced units 
(N-phenyl-p-phenylenediamine). The absence of differ- 
entiable absorption peaks within the wavelength range 
of interest implies that the two r-r* transitions occur 
Fig. 7. Structure of POAP as an alternating series of oxidized 
(quinonoid) and reduced (N-phenyl-p-phenylenediamine) repeating 
units. 
at very close frequencies. The separation is about 80 
nm according to Barber0 et al. [8]. This is in marked 
contrast with PAn, for which the absorption peaks of 
the oxidized and reduced units are well separated over 
a wavelength of 200 nm [18]. The increase in the total 
integrated absorption intensity with oxidation in Fig. 6 
also indicated that the oxidized units of POAP had 
higher specific absorbance values than the reduced 
units. Subsequently, a reduced POAP film with a low 
content of oxidized units was semi-transparent with a 
tint of light brown, whereas a more oxidized film was 
opaque with a darker brown colour. 
The AR/R spectra of POAP polarized by cyclic 
potential sweeping between -0.1 and 1.1 V at 16 mV 
S -’ were also measured in situ in the same wavelength 
region (Fig. 9). The presence of a peak at 0.05 V was 
most prominent at 460 nm and its location corre- 
sponded well with the formal potential as determined 
from Fig. 5. The film was transparent without any 
colour at the formal potential. Such an observation has 
not been reported previously and was difficult to re- 
produce in potentiostatic polarization. The polymer at 
the formal potential should consist of an equal number 
of oxidized and reduced units and could therefore be 
construed as an intermediate oxidation state of POAP. 
The origin of bleaching has yet to be ascertained, but is 
indicative of the formation of new structure that is 
anything but an admixture of the oxidized and reduced 
forms. An observation similar in kind, but not to the 
same extent, was noted in PAn where oxidation beyond 
the polaronic state produced an absorption around 610 
nm that was not present in the lower oxidation states 
which absorbed at 330 and 800 nm, respectively [lo]. 
Distortion of the orbital structures to form a new 
“mid-band” gap and the subsequent displacement of 
the levels within the gap to the gap boundary are often 
Fig. 8. Stoichiometry of redox reactions of POAP film electrode. 
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Fig. 9. In situ AR/R spectra of a POAP film on Pt (deposition 
charge 200 mC cmm2) polarized in 0.5 M H,SO, +OS M Na,SO, 
solution by cyclic potential sweeping between -0.1 and 1.1 V at 16 
mV s-l at wavelengths of (a) 350, (b) 400, (c) 460 and (d) 700 nm. 
stated to result in absorptions at frequencies different 
from the precursor structures, and may be responsible 
for an unique colour that is non-additive upon the 
colours of the oxidized or reduced forms. Figure 9 also 
shows a hysteresis in the AR/R values on the reverse 
scan of potential sweep in the negative direction. The 
hysteresis had its origin in the differences between the 
rates of polymer oxidation and polymer reduction. The 
redox process of electroactive polymer involves both 
the heterogeneous process of charge transfer at the 
polymer I electrolyte interface and the homogeneous 
processes of electron transport within the polymer 
and/or the ionic transport within the electrolyte. The 
heterogeneous process is deemed to be rate limiting in 
the case of POAP redox. Ohsaka et al. [9] had deter- 
mined that the transfer coefficients in the heteroge- 
neous charge-transfer reaction were different for oxi- 
dation and reduction, with a value of 0.75 for the 
anodic process and a value of 0.21 for the cathodic 
process. As the transfer coefficient for reduction was 
one third of that for oxidation, the reduction of POAP 
was kinetically more demanding than its oxidation. A 
detailed analysis of the polymer redox into successive 
chemical and electrochemical steps according to Bar- 
bero et al. [19] also considered the reduction step 
difficult. The POAP redox is also marked by relatively 
low diffusion coefficients of the counterions in the 
electrolyte (Dapp = (l-6) x lo-” cm* s-l, which is 
about two orders of magnitude smaller than the diffu- 
sion in poly(o-phenylenediamine)) [9]. The elec- 
trochromic response of POAP is therefore impaired by 
the combination of these unfavourable factors, reduc- 
ing the practicality of the polymer in high-performance 
electrochromic applications. 
4. Conclusions 
POAP was synthesized both chemically and electro- 
chemically. The chemical method was based on the 
oxidation of OAP by mildly oxidizing Cu*+ ions in 
acidic aqueous solutions, resulting in some presence of 
copper remnants as Cu+ ions in the polymer matrix. 
The ease of formation of radical cations from the 
oxidation of OAP differentiates the electropolymeriza- 
tion of OAP from that of aniline and its other deriva- 
tives such as metanilic acid. The polymer growth pro- 
ceeds mainly through the reactions between the grow- 
ing polymer (POAP) and oxidized monomer units. Sub- 
sequent cyclization of the functional units in the poly- 
mer normally leads to a ladder structure. 
As is common in electroactive polymers, the POAP 
matrix consists of both oxidized (quinonoid) and re- 
duced (iV-phenyl-p-phenylenediamine) monomer re- 
peating units. The polymer is extensively oxidized at 
0.13 V, giving a dark brown colour, and is extensively 
reduced at - 0.042 V, giving a light yellow colour. The 
UV/visible spectra of POAP in most oxidation states 
showed a broad and nondescript band in the spectral 
region of 410-532 nm contributed by r-r* transitions 
mostly from the oxidized units and partly from the 
reduced units of POAP. Polarization of the polymer 
under potentiodynamic conditions, however, was able 
to identify an intermediate oxidation state at 0.05 V 
that was completely colourless. The intermediate oxi- 
dation state probably corresponded to a POAP with an 
equal number of oxidized and reduced units in the 
polymer matrix. 
Except for good colour retention in the oxidized 
state, POAP is unsatisfactory in most electrochromic 
applications. This is due to the sluggishness of the 
reaction kinetics of polymer reduction relative to poly- 
mer oxidation, as is illustrated most succinctly by the 
hysteresis loop in the reflectance spectra of POAP 
under potentiodynamic polarization. 
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